This paper demonstrates lentiviral transduction of the humanized form of the Aequoria victoria gene for green fluorescent protein (GFP) into human fetal retinal pigment epithelium (RPE) in vitro and rabbit RPE in vivo.
Introduction
Several different viral vectors have been used to deliver foreign genes into post-mitotic retinal cells, especially photoreceptors and retinal epithelium, in animal models which resemble hereditary forms of blindness in man (Rattner, Sun, & Nathans, 1999) . Two viral vectors, adeno-associated virus and lentivirus have been reported to have success in producing relatively longterm foreign gene expression in retinal cells, especially photoreceptors. Adeno-associated virus has been found to produce long-term expression of green fluorescent protein (GFP) in monkeys without evidence of toxicity (Bennett et al., 2000) . Long-term expression of lentivirus has also been demonstrated in rats although it was more successful in infant than adult rats (Miyoshi, Takahashi, Gage, & Verma, 1997) . Lentivirus transduction of photoreceptors has produced long-term rescue of photoreceptors in a murine retinal degeneration (Miyoshi et al., 1997) . Lentivirus delivered by vitreal injection in Vision Research 42 (2002) [551] [552] [553] [554] [555] [556] [557] [558] www.elsevier.com/locate/visres mice produced stable transduction of the LacZ reporter gene in retinal pigment epithelium (RPE) for at least two months (Galileo, Hunter, & Smith, 1999) . We have been examining the ability of lentivirus to transduce RPE in vitro and in vivo. Our results differ from those reported in the previous studies revealing that in vivo GFP expression leads to rejection when this protein is expressed at relatively high levels in the rabbit RPE. No evidence of toxicity occurs when GFP expression is followed in vitro. Our results support those of Stripecke et al. (1999) showing that transgenic GFP protein is subject to immune rejection. Some of our work has been published in abstract form (Doi et al., 2000 (Doi et al., , 2001 .
Methods

Preparation of virus
The lentiviral vector was generated by co-transfection of human kidney derived 293T cells with three plasmids using the calcium phosphate method (Chen & Okayama, 1987) . The packaging construct contained the cytomegalovirus (CMV) promoter and the insulin polyadenylation signal to express all the viral proteins in trans form, except the envelope and Vpu. The second plasmid provided a vector with all the cisacting elements that allow transfer and integration of viral gene into the target cell's genome. In this transducing vector, an expression cassette with the Rev responsive element and the CMV promoter are used to direct the expression of GFP. The third plasmid provides the envelope protein from the vesicular stomatitis virus glycoprotein to enhance viral stability and broaden the range of host cell types. The lentiviral titers were determined by infection of 293 cells seeded in six-well plates at 1 Â 10 5 cells per well the day before infection with serial dilution of the concentrated viral stock in the presence of polybrene (4 lg/ml). After overnight incubation, the culture medium was changed and the cells incubated for two more days. GFP fluorescent cells were identified by fluorescent microscopy or by a fluorescent activated cell sorter. Titers ranged from 10 8 -10 9 infectious units (IU)/ml.
RPE culturing
Human RPE was obtained from fetuses, 18-22 weeks of gestational age, through Albert Einstein College of Medicine (AECM). Informed consent was obtained for the use of this tissue before abortion and institutional approval was granted through an agreement between AECM and Columbia University. The eyes were washed with 70% alcohol and then with phosphate buffered saline (PBS). RPE was removed from the eyes using methods published previously (Gouras et al., 1994) . The cultures of RPE were maintained at 37°C in an incubator with a humidified atmosphere of 95% air/5% CO 2 , fed every three to four days with Dulbecco's modified Eagle's medium (DMEM) supplemented with 20% fetal bovine serum.
In vitro transduction
For comparing viral transduction of stationary versus dividing cells, the virus was introduced directly into the primary culture containing the original patch of heavily pigmented cells, surrounded by a slowly expanding population of dividing cells, the size of which depends on the age of the culture. To transduce these primary cultures, the standard culture medium was replaced with a minimum volume of fresh DMEM supplemented with 20% fetal bovine serum containing 4 lg/ml polybrene and viral solution with a titer of 10 7 -10 9 IU/ml. The cells were exposed to the viral solution for 14 h, after which the plate was washed and replaced with standard medium.
All cells and the number of GFP fluorescent cells were counted within defined areas, 0.4-0.8 mm, in three different parts of each culture plate. One was the patch that contained only stationary cells, the other was at the edge of the patch, where cells were migrating and entering into cell division and the third was at the growing margin of the culture, where many cells were in division. We measured the same areas in 15 different cultures, weekly for three weeks; five cultures were measured for six weeks and one culture for three months. In another, we dissociated the primary culture after infection and re-plated the cells, which promotes mitosis, to follow GFP fluorescence after repeated cell division.
In vivo transduction
Approximately 25 ll of a viral solution containing 10 6 -10 9 IU/ml was injected into the subretinal space of the retina of anesthetized rabbits. The solution was placed in a bleb detachment just below the myelinated region of the optic nerve. The rabbits were anesthetized with ketamine (20 mg/kg) and xylazine (10 mg/kg), intra-muscularly. The pupil was dilated with 2% cyclopentolate and 2.5% neosynephrine. A conjunctival flap and a sclerotomy was made about 3 mm behind the limbus. A glass pipette with a tip diameter of 50 lm containing the viral solution was introduced into the vitreal cavity and brought to the retinal surface with the aid of a surgical microscope. The tip of the pipette was pressed on the retinal surface and the viral solution injected through the neural retina into the subretinal space forming a circular bleb detachment about 1 mm in diameter. The pipette was withdrawn and the sclera and conjunctiva sutured with 9-0 nylon. In one rabbit the solution was introduced through the choroid via a posterior sclerotomy using a 30 gauge needle.
One eye of 29 rabbits was used in these experiments. Sixteen rabbits received lentivirus with the CMV promoter and the GFP gene at concentrations of 10 6 -10 9 IU/ml. Three rabbits received lentivirus with the CMV promoter but no GFP gene. Two rabbits received only polybrene, which was considered a possible toxic component of the viral solution. Two rabbits received lentivirus with the GFP transgene and a rhodopsin promoter in the subretinal space. Four rabbits received lentivirus with the GFP transgene and a CMV promoter intra rather than subretinally.
Examination of the retina
The fundus of the rabbit was examined weekly by scanning laser ophthalmoscopy (SLO), indirect ophthalmoscopy, and biomicroscopy under anesthesia. GFP expression was followed by fluorescence SLO using the excitation of an argon laser at 488 nm and a barrier filter that passed wavelengths longer than 500 nm. We graded the amount of GFP expression by non-invasive examination of the retina with the SLO in the fluorescence mode. We used a scale of 0-3. If there were more than about 50 distinct spots of fluorescence within the injected area, the grade was 3; if it was between 10 and 50, the grade was 2; if less than 10, the grade was 1 and the absence of any fluorescence was 0.
We graded the amount of retinal damage by examining the retina non-invasively with blue light (488 nm) using a scale of 1-4. If there were 10 or more pigmented (dark) spots together with numerous atrophic (light) areas, the grade was 4. If there was less than 10 but more than five dark pigmented areas with rare areas of atrophy, the grade was 3. If there was two to five pigmented spots, the grade was 2 and if there was only one, the grade was 1. An injection site with no pigmented areas was graded 0.
The rabbits were sacrificed at one to eight months after surgery and studied histologically. Most eyes were fixed in 3% glutaraldehyde in PBS, washed, dehydrated and embedded in epon for sectioning for light and, in selected cases, electron microscopy. Four eyes were fixed in 4% paraformaldehyde for 48 h, washed, immersed in OCT compound and frozen with dry ice. Cryosectioning was done on these retinas with a Leica 1850 cryotome. Frozen sections were mounted on gelatinized slides with fluoromount-G and examined by fluorescence microscopy. GFP polyclonal antibody (diluted 1:1000, Clontech Laboratories, Palo Alto, CA) was used for immunocytochemistry. Cultured RPE cells not exposed to the virus were used as a negative control. In order to identify GFP fluorescent cells frozen sections were examined with a Zeiss Axiovert S100 microscope with excitation filter transmitting 480 AE 20 nm and a barrier filter passing 535 AE 25 nm.
Results
In vitro transduction
Exposure of lentiviral vector to cultured human RPE resulted in GFP fluorescence within 36-60 h. In some cases almost 100% of the cells expressed GFP fluorescence. The intensity of GFP fluorescence varied from cell to cell. Fig. 1A shows stationary cells in the center of a fetal human RPE patch viewed in white light. Fig. 1B shows the fluorescence of these cells. A large fraction of the culture is expressing GFP. Fig. 1C shows subcultured cells, which have undergone repeated cell division. A significant fraction of these cells also express GFP. GFP expression had no obvious effects on the appearance of the cultured RPE. The cells could be maintained for many months, without evidence of toxicity. The level of fluorescence in the same cultured epithelial cell or cell groups remained stable for as long as we observed them, in some cases several months. Immunohistochemical examination of the cultures confirmed the presence of GFP protein in the transduced cultures.
In vivo transduction
Introducing the lentiviral vector directly into the subretinal space also resulted in rapid GFP expression, occurring within three days after surgery. Fig. 2A shows a retinal area into which the viral solution was injected; it has a slightly higher reflectance than the surrounding retina. A demarcation line evident along its lower margin marks the site of the detachment at four days after surgery. Viewing the retina through a green barrier filter reveals strong GFP fluorescence within this same area (Fig. 2B) . At two weeks after surgery, the appearance of the retina has changed. There are clumps of dark pigment and light areas of RPE atrophy within the site that had shown strong GFP fluorescence (Fig. 2C ) and fluorescence was not detectable (Fig. 2D) . Fig. 3 illustrates another example of the appearance and disappearance of GFP fluorescence. At five days after surgery, the demarcation line of the injected area appears as a faint light line (Fig. 3A) and the retina appears otherwise normal. Fluorescence is present in structures the size of RPE cells (Fig. 3B) . At 21 days disruption of the RPE is apparent throughout the transduced area (Fig. 3C ) and fluorescence has disappeared (Fig. 3D) .
In order to test whether it was the virus or GFP that was responsible for the retinal damage and the loss of fluorescence, we injected high viral titers into the subretinal space without the GFP gene. In this case retinal damage did not occur. There was no SLO or histological evidence of rejection for months after the viral solution was injected into the subretinal space (Fig. 4) . This was observed in three rabbits receiving injections of lentiviral solutions at a titer of 10 9 IU/ml. We also injected virus with the rhodopsin promoter into the subretinal space. This produced relatively weak fluorescence but rejection was absent. We injected the virus with CMV promoter into the neural retina, which also led to weak fluorescence but no rejection. Injections into the vitreous produce no detectable fluorescence or evidence of rejection.
Histological examination of the retina at the time of rejection revealed infiltrates of monocytic cells filling the choroid adjacent to the site of the GFP fluorescence and invading the subretinal space, typical of immune rejection (Fig. 1D ). There are areas where the RPE has piled up into multiple layers adjacent to areas of RPE, which contained almost no melanin. Fig. 3 . The arrows point to areas of RPE hypertrophy that are responsible for the dark pigment clumps seen in vivo. The RPE layer between these two hypertrophic areas has less than a normal amount of melanin and contributes to the light areas seen by SLO imaging. We graded the GFP fluorescence observed by SLO according to the amount and intensity of GFP fluorescence observed. Fig. 5 (above) shows how this varied with viral titer and the time after transduction. The highest viral titer (10 9 ) produced a strong and rapid appearance of fluorescence, which disappeared within three weeks. Viral titers of 10 7 and 10 8 produced less GFP fluorescence, which disappeared more slowly. Two rabbits with weak GFP fluorescence continued to fluorescence for at least two months. With viral titers of 10 6 , fluorescence could not be detected.
We also graded the amount of retinal damage detected by SLO and correlated this with viral titer over time (Fig. 5, below) . Retinal damage was more rapid and severe with high than with low viral titers. With the lowest viral titer (10 6 ) no retinal damage occurred. 
Discussion
Our results demonstrate that a lentiviral vector can transduce retinal epithelium with the gene for GFP relatively rapidly in vitro and in vivo. In vitro expression of GFP is stable in cultured epithelial cells for months and continues after cell division, implying that vector integrates the GFP gene chromosomally, as suggested by others (Naldini et al., 1996; Takahashi, Miyoshi, Verma, & Gage, 1999) . Fluorescence varied from cell to cell but remained stable in the same cell over time. This was more difficult to determine in dividing cells because of their changing position and morphology.
The cells cultured in patches illustrated in Fig. 1A were infected before cell division occurred. Cells in such patches of RPE remain stationary for months in culture; cell division occurs at the edges but not in the center of the patch (Gouras et al., 1994) . This illustrates that the lentiviral vector transduces non-dividing cells, an advantage for gene therapy in the retina.
In vivo, lentivirus also rapidly transduces the RPE with GFP. Gene expression, however, is not maintained. Within a few weeks, it is lost concomitantly with an inflammatory response within the choroid and subretinal space occurring exclusively in the transduced area. Histology shows a characteristic picture of immune rejection. There is a dense collection of lymphocytic-like The relation between the relative amount of retinal damage at different times after transduction on the abscissa (weeks). The symbols indicate how these relationships change with viral titer. cells invading the choroid and subretinal space at the transduction site; there is local damage to the photoreceptors. The rejection can be followed non-invasively by SLO, seen as disruption of the RPE layer. There is no evidence of inflammation elsewhere in the retina, even at the border demarcating the area of GFP expression from untouched retina. There is no generalized uveitis. The rejection occurs more rapidly and severely when there is greater expression of GFP. With low viral titers, where minimal or no GFP expression occurs, inflammation and retinal damage do not occur. If the lentiviral vector is introduced subretinally without the gene for GFP, no rejection occurs. Therefore we conclude that the expression of humanized GFP protein encounters rejection from the rabbit's immune system. This occurs even though the subretinal space is relatively sequestered from the immune system (Gregerson et al., 1999) .
What is not clear is whether the rejection is unique to RPE expression and does not occur if expressed by neural cells such as photoreceptors. We found no evidence of rejection if we use high titers of lentivirus with the rhodopsin promoter driving GFP expression or if we injected the virus into the neural retina and not the subretinal space. Under these conditions, GFP expression is much weaker than it is using the CMV promoter with resultant high expression in RPE. If RPE expression of GFP is weak, rejection also fails to occur. Immune detection of GFP appears to depend on the amount of foreign protein available.
Our results differ from several other studies that have used GFP transduction in the subretinal space. In monkeys adeno-associated virus can produce long-term expression of GFP but this expression is mostly in photoreceptors rather than RPE (Bennett et al., 2000) . There was no sign of inflammation or rejection although some atrophy of the RPE was noted. In addition to a species difference, there are other differences between our study in rabbit and theirs in monkey. The primate study involved primarily photoreceptor transduction whereas ours involved RPE. The RPE can present antigen (Dafgard Kopp, Winter-Vernersson, & Algvere, 1997; Liversidge & Forrester, 1998, Chap. 26; Rezai, Semnani, Patel, Ernst, & van Seventer, 1997; Silbert, Gao, Yu, & Kaplan, 1994) and therefore could initiate immune detection. Photoreceptors may not present antigen (Kaplan, Yu, Zhang, Wang, & Gao, 1995) . One group has reported that lentivirus can transduce a different reporter gene, LacZ, into murine RPE for at least two months without rejection (Galileo et al., 1999) . In this case there is both a species difference and a different transgene product.
Lentivirus has been shown to rescue murine photoreceptors from degeneration by introducing a gene defective in rd mouse retina (Takahashi et al., 1999) . There was no evidence of rejection but in this case the protein is expressed in photoreceptors. Nevertheless the viral induced expression of native proteins like dystrophin in subjects with Duchenne muscular dystrophy can also trigger an immune response (Ferrer, Wells, & Wells, 2000) but in this case the protein is less sequestered from the immune system than proteins are within the retina.
